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A B S T R A C T
T hi s  p a p er  d e s cri b e s  a  si m plifi e d  n u m eri c al  pr o c e d ur e  f or  a n al y zi n g  t h e  
r e s p o n s e of bri d g e pi er f o u n d ati o n s d u e t o ri v er b e d s c o uri n g. A c o m p ut ati o n all y 
effi ci e nt  al g orit h m  t o  a n al y z e  t h e  b e h a vi or  of  a  pil e  gr o u p  i s  pr o p o s e d  b y  
c o n si d eri n g  s oil- pil e,  pil e- c a p,  a n d  pil e-fl ui d  i nt er a cti o n s.  T h e  c o m pl e x  
p h e n o m e n o n  of  t h e  pil e- s oil  i nt er a cti o n  i s  m o d el e d  b y  di s cr et e  n o nli n e ar  s oil  
s pri n g s  ( p- y,  t- z  a n d  q- z  c ur v e s).  T h e  pil e- c a p  i nt er a cti o n  i s  c o n si d er e d  b y  
g e o m etri c  c o nfi g ur ati o n  of  t h e  pil e s  i n  a  gr o u p  a n d  c o n n e cti vit y  c o n diti o n s  
b et w e e n  pil e s  a n d  t h e  c a p.  T h e  pil e-fl ui d  i nt er a cti o n  i s  i n c or p or at e d  i nt o  t h e  
pr o c e d ur e  b y  r e d u ci n g  t h e  stiff n e s s  of  t h e  s oil- pil e  r e a cti o n s  a s  a  r e s ult  of  
n o nli n e arit y  a n d  d e gr a d ati o n  of  t h e  s oil  stiff n e s s  wit h  ri v er  bri d g e  s c o uri n g.   
T hr o u g h t h e n u m eri c al st u d y, it i s s h o w n t h at t h e m a xi m u m b e n di n g m o m e nt i s 
i n cr e a s e d wit h i n cr e a si n g s c o ur d e pt h. T h u s it i s d e sir a bl e t o c h e c k t h e st a bilit y 
of  pil e  gr o u p s  b a s e d  o n  s oil- pil e  a n d  pil e- c a p  i nt er a cti o n s  b y  c o n si d eri n g  
s c o uri n g d e pt h i n t h e ri v er b e d.   
I N T R O D U C TI O N
 
Pil e  gr o u p s  ar e  t h e  m o st  c o m m o n  t y p e  u s e d  f or  bri d g e  f o u n d ati o n s  b e c a u s e  
t h e y  c a n  tr a n sf er  a p pli e d  a xi al  a n d  l at er al  l o a d s  o n  s u p er str u ct ur e  t o  b e ari n g  
gr o u n d  effi ci e ntl y  a n d  s af el y.  Pil e  gr o u p  f o u n d ati o n  c o n si st s  of  s e v er al  si n gl e  
pil e s a n d o n e pil e c a p. T ot al b e ari n g c a p a cit y of a pil e gr o u p i s t h e s u m of e a c h 
b e ari n g c a p a cit y of si n gl e pil e s a n d t h at of a pil e c a p w hi c h i s i n dir e ct c o nt a ct 
wit h t h e s oil.   
A  pil e  gr o u p  i s  n ot  c oll a p s e d  i m m e di at el y  u n d er  s u d d e n  att a c k  of  fl o o d  fl o w s  
w hi c h c a u s e s c o uri n g al o n g t h e pil e, b e c a u s e b e ari n g c a p a cit y t h at c o m e s fr o m 
t h e i nt er a cti o n b et w e e n i n di vi d u al pil e i n a gr o u p a n d a pil e c a p r e si st s s c o uri n g.   
T h er ef or e,  t h e  a n al y si s  b y  c o n si d eri n g  t h e  s c o ur  d e pt h  of  bri d g e  f o u n d ati o n  i s  
r e q uir e d t o e v al u at e t h e st a bilit y of a pil e gr o u p u n d er a p pli e d l o a d. 
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In this study, a three-dimensional analysis of pile groups is performed by 
considering soil-pile, pile-cap interactions based on riverbed scouring. The 
complex phenomenon of the soil-pile interaction is modeled by discrete 
nonlinear soil springs (p-y, t-z, and q-z curves) and the effect of riverbed 
scouring is considered by elimination or degradation of the soil stiffness. The 
pile-cap interaction is analyzed by stiffness method which can be considered by 
geometric configuration of the piles in a group and connectivity conditions 
between piles and a cap. Through the three-dimensional analysis program (YS-
3DPILE) of pile groups developed in this study, the displacement and rotation of 
a cap and member forces of individual pile in a group such as bending moment 
and shear force were estimated with varying scour depth of riverbed.? ?
METHOD OF ANALYSIS CONSIDERING BRIDGE SCOUR  
If the scour depth affects below the pile cap, pile groups are not failed at once 
but has some hazardous effects. For example, excessive horizontal 
displacement of a pile cap resulting from riverbed scouring may lead to 
structural damage (Fig. 1).  Analysis only based on the estimated scour depth 
is not sufficient to consider the failure mode of pile groups caused by scouring 
under flood.  So, it is a three-dimensional pile group analysis method that is 
recommended to think over the effect of scouring and the interaction between 
each one of piles and a pile cap. 
The analytical method considering pile-cap interaction was firstly suggested by 
Hrennikoff (1949) using the stiffness method.  Reese (1970) developed a 3D 
analytical method of pile groups, using the modified Hrennikoff’s method.  This 
method was extended to incorporate the pile-soil-pile interaction by O’Neill et al. 
(1977) and Chow et al. (1986).  In this study, a similar approach suggested by 
O’Neill et al. (1977) is used and implemented as 
(1) Calculation of a pile head stiffness of each pile in a group  
: Calculate a pile head stiffness of an individual pile on each loading step in 
different cases such as different pile properties (embedded length, diameter, 
and elastic modulus) and different soil layer properties (scour depth, depths of 
each soil layer and its properties). 
(2) Pile-cap analysis considering individual pile head stiffness (kij)
: Using all the individual pile head stiffnesses that are initially estimated in the 
first loading step, formulate the full stiffness matrix.  Calculate pile cap 
displacement and individual pile head forces (Pix, Piy, Piz) and moments (Miz, Miy,
and Miz) for all the piles in the group. 
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(3) Iteration to convergence 
: Compare the computed individual pile head forces and moments with the 
applied distributed load components used in step (2) for all the individual piles if 
the difference between them meets the user-specified closure tolerance level. 
If the convergence criterion is not satisfied, using the new computed pile head 
forces and moments, calculate a new individual pile head stiffness matrix for 
each pile again and repeat this iteration process. If it is satisfied, go to next
step.
(4) Evaluate response of all individual piles 
: Finally, evaluate responses of all the individual piles in a group, using the final 
individual pile head forces and moments. 
The flowchart that shows all the steps described above is also given in Fig. 2. 
Based on the proposed algorithm, a new computer program YS-3DPILE has 
been developed to analyze the behavior pile groups by considering both soil-
pile and pile-cap interactions. (Jeong, 1999) 
LOAD TRANSFER CURVES
For axially loaded piles, the load-transfer curves were modeled by t-z and q-z
curves. The type of t-z and q-z curves supported by the program is a linear
elastic-plastic curve as shown in Fig. 3. According to soil types such as soil 
and rock, a maximum unit skin friction, tmax was estimated as follows: 
In the soil, tmax was estimated by ? method (Burland, 1973): 
zmax
't ???                                  (1)
where, ? is approximately 0.3 and tmax is linearly increased to a critical depth 
(15D, D : diameter), beyond which it remains as a constant to failure. 
For the rock, tmax was estimated using the method proposed by Reese and 
O’Neill (1987):
t
u
q15.0
max
?
                                 (2)
where, qu is the unconfined shear strength, and limited to 100kN/m2 (weathered
rock), 150kN/m2 (soft rock), and 200kN/m2 (hard rock). 
In Fig. 3, zc is a critical displacement of the pile segment at which tmax is 
mobilized. Vijayvergiya recommended 0.2 to 0.3inch for zc, so in this study 
0.2inch (0.5mm) of zc is adopted. 
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For laterally loaded piles, the load-transfer curves were modeled by p-y curves. 
A hyperbolic function was used to describe the relationship of the p-y curve (Fig. 
4) which has an ultimate resistance (pu) and an initial tangent stiffness (Es).
The initial tangent stiffness used in this study was assumed to vary linearly with 
depth as recommended by Reese et al. (1974).  
To analyze the change of group pile behavior, especially in the presence of 
bridge scouring, load transfer curves (p-y, t-z, and q-z curves) within the scour 
depth are assumed to be eliminated, beyond which they are reconstructed 
along the embedded pile length by reducing the ultimate resistance (pu).
ANALYSIS AND RESULTS 
To examine the pile group behavior with riverbed scouring, a series of idealized 
cases were examined based on the major influencing parameters such as cap 
rigidity and the spacing between piles. Fig. 5 shows a group pile configuration to 
be analyzed considering scouring.  The material properties for pile groups are 
shown in table 1.  Four piles, arranged by 2 rows and 2 columns and fixed and 
hinged head conditions are considered between piles and a pile cap.  The piles 
are made of pre-cast concrete and the elastic modulus is 4,000,000 kN/m2.
Each pile is 0.5 m in diameter and 10 m in embedded length.  The soil is 
uniform sand and the friction angle, the cohesion, and the unit weight are 30 
degree, 0 kN/m2, and 17.0 kN/m3, respectively.  The applied axial and lateral 
loads are 200 kN and 100 kN, respectively.  The scour depth (Hs) is increased 
from 0 to 5 m by increment of 1 m.  In each scour depth a three-dimensional 
analysis was performed. 
(1) Effect of Cap Rigidity
Fig. 6 and 7 show the displacement and rotation of a cap with varying scour 
depths in both fixed and hinged pile head conditions.  As shown in these 
figures, the displacement of the pile cap is increased as the scour depth 
increases and the magnitude is seem to be significantly larger for the hinged 
head case than for the fixed head case.  The rotation of a pile cap for the fixed 
head case is also increased with increasing the scour, but its absolute value is 
not significant.  For the hinged head case the rotation of a pile cap is always 
seem to be zero. 
Fig. 8, 9, and 10 show lateral pile displacement, bending moment, and shear 
force profiles along the embedded pile length of no. ?1  pile as shown in Fig. 5.  
Fig. 8 shows that the lateral displacement of pile is increased as the scour 
depth increases. The distribution of bending moment along the pile and its 
change with scouring are represented in Fig. 9.  For the fixed head case, the 
maximum bending moment is occurred at the pile head.  When scour depth is 
increased from 0 to 5m, the maximum bending moment at the pile head is 
increased approximately up to 340%.  For the hinged head, the position where 
the maximum bending moment occurs moves down and its magnitude 
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increases approximately up to 600% as the scour depth is increased.  Fig. 10 
is the distribution of shear forces along the pile.  For the fixed head case the 
shear force has a maximum value at the scoured bed level, but for the hinged 
head case it has a maximum value below the scoured bed level and the 
magnitude is also increased as the scour depth increases. 
(2) Effect of Spacing (s/d) 
In the analysis, the pile groups with different pile center-to-center spacing were 
assumed to have the same initial scour depth.  Pile spacings (s/d) selected in 
this study were 2.0, 4.0, and 8.0. Scour depth used changes from 0 to 5m.  Fig. 
11 and 12 show the effect of pile spacing with varying scour depths on the 
lateral displacement and rotation of pile cap. The lateral displacement and 
rotation of pile cap increase as scour depth is increased.  On the other hand, 
the effect of s/d was more sensitive to the rotation than to the lateral 
displacement.
Fig 13 shows the magnitude of maximum bending moment as a function of the 
pile spacing and scour depth. The maximum bending moment developed at the 
pile head and varies linearly as scour depth increased.  However, for the three 
spacings studied, there is little difference in maximum bending moment.  
(3) Difference in Bearing Capacity 
The variation of ultimate bearing capacity of vertically loaded pile groups due to 
riverbed scouring was examined. The ultimate pile capacity was calculated by 
using the proposed method of US Army Corps of Engineers (1991). Table 2 
shows the variation of bearing capacity of pile groups with varying scour depths. 
The skin friction of single pile is significantly decreased as scour depth is 
increased, whereas endbearing resistance remains constant because the pile 
point was located below the critical depth. The ultimate bearing capacity of pile 
groups, calculated by multiplying number of piles with each single pile capacity, 
is decreased to about 57% as scour depth is increased from 0 to 5m.    
CONCLUSIONS 
In this study, a computationally efficient algorithm to analyze a group pile 
behavior is proposed in consideration of soil-pile, pile-cap, and pile-fluid 
interactions.  A limited parametric study of the response of pile groups was 
performed to examine the scouring effect.  The following conclusions are 
drawn from the present study: 
1. Under the same loading applied before and after scouring, the 
displacement along the pile length is increased with increasing scour 
depth.
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2. The maximum bending moment along the pile increases as the scour 
depth increases.  This is particularly more significant for hinged head 
condition than for fixed head condition.  
3. The pile spacing effect is significant for the rotation of pile. However the 
lateral pile cap deflection and maximum bending moment are more 
influenced by scour depth than pile spacing. 
4. To check the stability of bridge piers in the riverbed, it is recommended 
to perform a group pile analysis considering soil-pile and pile-cap 
interactions based on scouring effect.  
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Fig. 1 – Pile groups with riverbed scouring 
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Fig. 2 - Algorithm of three-dimensional group pile analysis
 
861
(a)
(b)
Fig. 3 - Load transfer curves of axially loaded pile; a) t-z curve, b) q-z curve 
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Fig. 4 - Load transfer curves of laterally loaded pile (p-y curve) 
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Fig. 5 - A group pile configuration with scouring 
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Fig. 6 – Lateral pile cap displacement vs. scour depth 
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Fig. 7 – Rotation of pile cap vs. scour depth 
?
 
864
10
8
6
4
2
0
D
ep
th
 (m
)
-0.02 0 0.02 0.04 0.06 0.08
Lateral displacement (m)
scour depth (Hs)
0
1
2
3
4
5
????
10
8
6
4
2
0
D
ep
th
 
(m
)
scour depth (Hs)
0
1
2
3
4
5
-0.1 0 0.1 0.2 0.3 0.4
Lateral displacement (m)
????
Fig. 8 – Displacement profiles for different scour depths (no. ?1 pile);
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Fig. 9 – Bending moment profiles for different scour depths (no. ?1 pile);
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?Table 1. Material properties for pile groups  
Diameter 0.5 m
Length 10 mPile
Elastic modulus 4,000,000 kN/ m2
Friction angle 30 degree 
Cohesion 0 kN/m2Soil
Unit weight 17.0 kN/m3
Connectivity condition Fixed, Hinged  
Axial 200 kN
Loading Lateral 100 kN 
Scour depth  0, 1, 2, 3, 4, 5 m 
Table 2. Ultimate bearing capacity of pile groups (2?2 arrangement) 
Single pile Group pile 
Scour depth 
 (m) 
Skin friction 
(kN)
Point
resistance
(kN)
Ultimate
bearing
capacity
(kN)
Ultimate
bearing
capacity
(kN)
0 315.14 171.81 486.95 1947.80
1 273.13 171.81 444.94 1779.76
2 231.11 171.81 402.92 1611.68
3 189.09 171.81 360.90 1443.60
4 147.07 171.81 318.88 1275.52
5 105.05 171.81 276.86 1107.44
 
868
